Abstract. We report on the unexpected detection of considerable structure in high latitude thermospheric densities, as derived from an accelerometer onboard the CHAMP satellite. The width of the structures, which can either be maxima or minima, varies between a few hundred km and 2000 km. The amplitudes of these density extrema can reach 50% of ambient. Maxima cluster around 75 • (N and S), while minima are found closer to the poles. In a magnetic latitudemagnetic local time frame the maxima are found mainly around the cusp region. Overall, the observed structures somewhat resemble so-called density cells previously found in model calculations. However the models generate their cells around 140-300 km altitude and show little, if any remnant at 400 km or above. This has to be contrasted with the fact that the CHAMP observations were obtained near 430 km altitude. We have explored Joule heating as a possible mechanism for the generation of the structures, at least in density enhancement regions, using Hall currents measured on CHAMP and simultaneous incoherent scatter measurements with EISCAT. However, the electric fields were usually quite small during the period of observation, making the quest for an explanation for the structures all the more challenging.
Introduction
The CHAMP satellite was launched on 15 July 2000 in an almost circular orbit with an inclination of 87.25 • . The satellite does more than 15 orbits per day. During the campaign described here its altitude varied between 390 km at perigee and 440 km at apogee. Among other instruments, the satellite Correspondence to: K. Schlegel (schlegel@linmpi.mpg.de) carries a very sensitive accelerometer, the data of which can be used to derive neutral densities. Details of the processing procedure have been reported elsewhere (Liu et. al., 2005) and will not be repeated here. We simply want to mention here the basic principles.
The density ρ has been derived here from the measured acceleration along the ram direction,
(1) where x indicates the ram direction, C D is the so-called drag coefficient, A is the effective area of the satellite in the ram direction, and V t is the velocity of the satellite relative to the ambient air along the track. It should be noted that V t =V s +V nx where V s is the satellite orbit velocity (mean value 7.62 km/s) and V nx is the neutral head or tail wind along the orbit.
Variations in the drag can be easily derived from Eq. (1) to yield the result a x /a x = ρ/ρ + 2 V /V + C D /C D + A/A ≈ ρ/ρ + 2 V nx /V t + C D /C D .
Possible variations in the effective area may in principle result from attitude changes of the satellite. Since the satellite is stabilised in attitude to fractions of a degree during its flight, we can neglected such changes. There are therefore 3 factors that can be responsible for any observed variations in the drag. The first one, which is the focus of the present paper, is a variation in the neutral mass density. The second possible cause for a change in the drag is neutral wind variations. However, while locally high neutral velocities exceeding 1 km/s have occasionally been reported in the high latitude thermosphere during disturbed conditions (Killeen et al., 1995) , in our case V nx probably does not exceed 0.3 km/s, since the data was obtained during very quiet conditions. A value less than 0.3 km/s is also supported by neutral wind models such as HWM1993 and the first principles model discussed below. With V nx =0.3 and V t =7.6 km/s, the second term in Eq. (2) would thus be smaller than 0.1 and would introduce at most 10% changes in the drag (a more detailed calculation was provided by Schoendorf and Crowley, 1995) . Our relative drag variations are generally considerably greater than 10%, and we have therefore simply neglected neutral wind effects below. This should nevertheless be kept in mind when we interpret the acceleration changes solely as neutral density changes in this paper. A third factor that also has nothing to do with density variations can influence the drag in the ram direction, namely, as Eq. (2) illustrates, changes in the drag coefficient itself. With the satellite not even close to being spherically symmetric, any change in attitude is liable to change the drag coefficient, possibly significantly. There are two strong arguments that changes in C D cannot explain our experimental results: First, a correlation test of the measured a x data with all three attitude angles performed for a number of cases was negative. Second, the time scale of attitude changes are large (several 10 min) compared to the observed short-time changes in a x (10-30 s), due to the large inertia of the satellite and the comparatively weak attitude control jets.
We are left to conclude that any relative change in the drag well in excess of 5% are probably caused by variations in the neutral atmospheric density. To take into account the changes in densities that were simply related to altitude variations, we have normalized the results such that the inferred densities were all referred to a mean satellite height of 430 km. This reference was chosen because it represented the mean altitude at high latitudes (ϕ>60 • and ϕ<−60 • ). The actual height in these regions actually varied slowly (timescale ∼1 h) between 408 km and 440 km. We used a barometric law for the normalization, assuming the scale height to be 59 km which is deduced from the MSIS model for the prevailing conditions. It can easily be shown that uncertainties in T ex of the order of 100-200 K would introduce errors less than 5% in our calculated densities. Again it should be remembered that the time scales of the observed acceleration changes interpreted as density structures are less than a minute.
Besides the accelerometer data, results from a highly accurate magnetometer were used in this study. By assuming a series of infinite line currents Hall currents can be derived from the magnetometer results (see Ritter et al., 2004, for details) . We have used these Hall currents together with conductances obtained from ground based incoherent scatter measurements to estimate local electric fields and Joule heating rate in at least parts of the Northern Hemisphere.
The ground based data were obtained during a 7-day campaign, called SIRCUS (Satellite and Incoherent Scatter Radar Cusp Studies, Watermann et al., 2005) , from 16-22 February 2002 . In this campaign three of the EISCAT radars were operating: the VHF radar located at Tromso and the two UHF radars located on Spitsbergen. Since the main aim of this campaign was the study of cusp phenomena, the radars operated every day between 08:00 and 13:00 UT, i.e. during the time interval when the cusp is usually located above Spitsbergen. The days of the campaign were chosen so that CHAMP was passing through this area several times a day in the pre-noon sector. We should emphasize that the days of the SIRCUS campaign were relatively quiet from the geomagnetic activity point of view. The daily Ap was 4.8, 11.6, 10.6, 5.9, 7.8, 7.8, 7 .8 during this week.
A small subset of the data discussed in the present work has already been presented elsewhere , pointing out density enhancements in the northern cusp region. Here we extend that study by examining a larger data set covering an entire week for both hemispheres, and by examining both density maxima and minima. Thermospheric neutral density structures have been observed before, although not with the high resolution of the CHAMP data: In OGO6 density data (Taeusch and Hinton, 1975; Taeusch 1977) in ESRO4 densities (Prölss, 1981; Prölss et al., 1988; Caspers and Prölss, 1999) , and onboard the S85-1 and SETA satellites (Crowley et al., 1989a (Crowley et al., , b, 1995 (Crowley et al., , 1996 and Schoendorf et al., 1996a) . Except for the OGO6 data gathered at an average altitude of 450 km all the previous measurements have been performed at a substantially lower altitude than the CHAMP data. The first predictions by a model, the Thermospheric General Circulation Model were reported by Crowley et al. (1989a, b) .
Our main results are presented in the next section. This is followed by a comparison with model calculations in Sect. 3 where we find that, for some reason, the model is unable to reproduce the observations at the altitudes of interest. In Sect. 4, we also attempt to link the density enhancements with Joule heating, only to conclude that there were no obvious Joule heating events that could be seen in our particular data set.
Polar density structures
We start our presentation with an example, in Fig. 1 , of results obtained for a satellite trajectory over the northern polar region in a geographic latitude-local time frame. In this example, the satellite crosses the +60 • -latitude circle at 09:33 LT on the day side and at 20:54 LT on the night side. In the lower panel of the figure we have plotted as a solid line the density derived from the drag data along the satellite path. The dashed line shows an average undisturbed density ρ av which has been derived for the whole orbit with a smoothing technique described below. In this particular example, density enhancements are evident on both sides of the pole (up to 50% at about 80 • in the morning) with a weak density reduction near the pole (more examples are presented in Figs. 3 and 9).
We have systematically studied the appearance and the properties of the density structures, for the seven days of the SIRCUS campaign. Each significant maximum or minimum was fitted to a Gaussian viz
where s is a distance along the track which was derived by multiplying the flight time with the average satellite velocity of 7.62 km/s. The accelerometer data were averaged over 10 s, corresponding to s=76.2 km. The parameter a is the amplitude of the density structure ("density amplitude" in the following). It will be expressed here either as an absolute density amplitude, obtained by subtracting ρ av from the actual density ρ, or as the magnitude of the relative density amplitude (ρ−ρ av )/ρ av . The parameter 2b is called width throughout the paper, and is expressed in km. Please note that we defined the width at the point where the exponential function had decreased to a/2 which explains the factor ln(2). The center of the Gaussian, s 0 , is expressed in terms of geomagnetic latitude and magnetic local time.
Great care was taken to characterize ρ av , the undisturbed density along the track. We approximated it by successively applying a third order polynomial twice for a whole orbit. We also tried polynomials of higher orders and other smoothing procedures, but the results for the density amplitudes a all agreed within a few per cent. We therefore accepted 4-6% as a workable uncertainty for a (see below).
It should be noted that CHAMP's orbital plane moves through local time at a rate of 1 h per 11 days. This means that the local time when crossing the 60 • latitude circle as given in Fig. 1 changes by only a few minutes during one day. Due to the separation between the geographic and magnetic poles, the CHAMP tracks cover a range of about 3 h in magnetic local time (MLT) across the poles, which does not change very much during the 7-day campaign (see Figs. 6a, b) .
The distributions of the absolute density amplitudes are displayed in Fig. 2 for the Northern (upper panel) and the Southern Hemisphere (lower panel). We used only density amplitudes in excess of a limit =0.5×10 −12 kg/m 3 in the following (corresponding to relative amplitudes (ρ−ρ av )/ρ av =4-6%). We adopted this limit because uncertainties associated with the method used to obtain ρ av , as well as those associated with our neglect of neutral wind effects make smaller amplitudes quite uncertain in terms of an actual density perturbation.
For the Northern Hemisphere the density amplitude distribution is remarkably symmetric, i.e. the number of density maxima (112) equals roughly the number of density minima (115). The average of the density maxima is 1.37×10 −12 kg/m 3 , and the average of the minima is -1.3×10 −12 kg/m 3 . Since the mean density over the Northern Hemisphere (geomagnetic latitude >60 • ) is 7.6×10 −12 kg/m 3 , this means that the absolute average density amplitudes correspond to relative average density amplitudes of 17.6% and -17.3%, respectively. The amplitude distribution for the Southern Hemisphere is, by contrast, rather asymmetric. We found 132 density maxima and only 72 density minima. The average amplitude of the maxima is 1.48×10 −12 kg/m 3 , and the average of the minima -1.08×10 −12 kg/m 3 (corresponding to relative density amplitudes of 15.4% and -11.5%). The asymmetry may be due to a bias in the mean undisturbed density ρ av , defined above, i.e. ρ av may be systematically too low over the Southern Hemisphere. However, we did not treat the Southern Hemisphere differently in this respect, as the mean undisturbed density ρ av was always calculated for the whole orbit. A more probable explanation for the asymmetry stems from the orbital geometry of CHAMP during our campaign: As will be shown in what follows, the minima are mostly located quite close to the magnetic pole in the Northern Hemisphere. For the Southern Hemisphere, fewer CHAMP orbits get close to the magnetic south pole (see Fig. 6b ), because of the larger offset between the geographic and magnetic poles in the Southern Hemisphere, and therefore fewer minima are likely to be encountered if minima cluster near the pole Two of the extreme cases of maxima and minima are depicted in Fig. 3 . The upper plot shows a large, but narrow maximum with a density amplitude of a=3.5×10 −12 kg/m 3 (a/ρ av =53%) and a width of 800 km. The lower part depicts the broadest structure that was found during the seven days of the campaign, a deep and broad minimum with an amplitude of a=3.0×10 −12 kg/m 3 (a/ρ av =42%) and a width of 2620 km. In this latter case, the minimum is adjacent to a maximum (after 21:08 UT).
The distribution of density structures as a function of geomagnetic latitude is shown in Fig. 4 . In the Northern Hemisphere (upper row) the occurrence in density maxima reaches a distinct peak at 75 • -78 • , with the average at 75.4 • . The distribution in the minima is not as sharp, though the average latitude, 81.5 • , is distinctly higher than for the maxima. Thus, density minima are found at latitudes closer to the magnetic north pole than enhancements. In the Southern Hemisphere (lower row) the maxima occur mainly between -69 • and -81 • , while the average latitude is -78.6 • . The minima are even more broadly distributed than in the Northern Hemisphere, with a latitudinal range covering between -66 • and -81 • and an average latitude of -75.3 • . Thus, by contrast with the Northern Hemisphere, there is no significant difference between the average location of the maxima and the minima. For the sake of completeness we also prepared similar plots versus geographic latitude (not shown). They cover in principle about the same range in degrees, although their distribution is somewhat broader and not as distinct as when the plots are made as a function of geomagnetic latitude. We conclude that the description of the location of the density structures is more appropriate in terms of geomagnetic rather than geographic latitude. A similar conclusion was reached by Taeusch and Hinton (1975) and, purely from modelling results, by Crowley et al. (1995 Crowley et al. ( , 1996 . Figure 5 displays the distribution of the widths (2b) of the density structures. The figure shows that density enhancements are generally narrower than 1000 km in both the Northern and Southern Hemispheres, with average widths of 790 km and 860 km, respectively. The density minima on the other hand are broader. They are, in addition, more broadly distributed. Their average width is 1070 km for the northern and 970 km for the Southern Hemisphere. This being stated, it has to be underscored that the "width" reported here only corresponds to the diameter of a structure when the satellite moves exactly through the center of a structure. In that sense, the widths reported here may be smaller than the actual structure sizes.
In Fig. 6a we summarize the local and temporal behaviour of the density structures observed over the Northern Hemisphere (magnetic latitude >60 • ) during the SIRCUS campaign. The coloured tracks display the relative density (ρ−ρ av )/ρ av for each 10-s data point (i.e. not only for the Gaussian-fitted extrema). The pattern which emerges is the following: strong density maxima generally occur around 75 • magnetic latitude (c.f. also Fig. 4 ) between about 10:00 and 11:00 MLT on the day side. This turns out to correspond to the cusp region. Indeed, similar structures have already been reported around the cusp by Lühr et al. (2004) . On several days strong maxima can also be found somewhat earlier, between 08:00 and 09:00 MLT. Apart from the cusp area, density maxima can also be seen between 21:00 and 22:00 MLT on the night side at lower magnetic latitudes (60 • -72 • ). By contrast, density minima are found to be closer to the magnetic north pole, i.e. above 75 • MLAT, on the day as well as on the night side, sometimes even stretching over the polar regions.
The corresponding summary for the Southern Hemisphere is displayed in Fig. 6b . Clearly, because of the larger offset between magnetic and geographic poles in that case, the CHAMP tracks cover a wider range of MLT than for the Northern Hemisphere. This leads to the hemispheric difference in the distribution discussed above. Nevertheless, strong maxima occur frequently at MLAT≈70-80 • between 10:00 and 11:00 MLT, i.e. over the southern cusp. In addition we have strong maxima below 75 • MLAT in the early morning between 02:00 and 04:00 MLT. A clustering of minima seems to occur in the morning between 04:00 and 07:00 MLT.
A summary for the whole week is displayed in Fig. 7 . Here we divided the two hemispheres into 30 MLAT and 72 MLT bins (i.e. each bin is 1 • broad and 20 min in angular direction) and computed an average relative density (ρ−ρ av )/ρ av from all orbits from 16 February 00:00 UT to 22 February 24:00 UT for each bin. The coloured areas correspond to the MLAT-MLT region covered by CHAMP during the 7-day campaign. There are generally one or more data points in each bin, except for those that are left white. Since CHAMP moves very fast in MLT over the pole, not every bin contains a data point close to the poles, particularly for the Southern Hemisphere where there is much more space between individual tracks (Fig. 6b) . The white circles around the poles indicate the MLT range that is never reached by CHAMP. These summary plots offer a clear and succinct summary of the results discussed so far. That is to say: for the Northern Hemisphere (top), higher-than-average densities occur mostly in the cusp region around 75 • MLAT at 10:00-11:00 MLT, while lower-than-average densities occur close to magnetic pole mostly at MLAT>75 • in the morning sector. Elevated densities can also be seen in the morning at 08:00-09:00 MLT and weakly in the evening around 21:00 MLT at auroral latitudes, MLAT<72 • . Over the Southern Hemisphere (bottom) we again have elevated densities in the cusp region, although we also can see other instances of enhancements scattered over the morning sector. Minima occur at various locations but do seem to cluster in the high latitude morning sector, just as they did in the Northern Hemisphere. Note that we assume the cusp remaining at the same position during the whole 7-days period, due to the quiet conditions.
Finally, we also looked for a correlation between the density amplitude and the solar zenith angle, in order to check if solar heating affects the density structures. No correlation was found, although we also have to state that, during our campaign, the solar zenith angles were quite high and covered only a limited range between 80 • and 120 • in the north, and between 60 • -100 • in the south. Corresponding results for summer times and thus smaller zenith angles might yield different results. 
Comparison of CHAMP and TIMEGCM results
Thermospheric General Circulation Models (TGCMs) were developed by the National Center for Atmospheric Research (NCAR) beginning in the early '80s to study the global temperature, circulation, and chemical structure of the thermosphere and its response to solar and auroral activity. A 3-D coupled thermosphere-ionosphere general circulation model (TI-GCM) was developed by Roble et al. (1988) , and extended to include self-consistent electrodynamic interactions (TIE-GCM) between the ionosphere and thermosphere (Richmond et al., 1992) . The model now extends down to 30 km, to include the mesosphere and upper stratosphere and is known as TIMEGCM (Roble and Ridley, 1994) . It predicts winds, temperatures, major and minor composition, electron densities and electrodynamic quantities globally from 30 km to about 600 km altitude. In this paper, we present simulations using the TIMEGCM for comparison with the CHAMP data. Crowley et al. (1989a, b) discovered the organized density (and pressure and composition) cell structure in the neutral thermosphere at high latitudes using simulations from the TGCM. The morphology of the cells predicted by the TIMEGCM is substantially the same as from the TGCM and TIGCM. The number, location and amplitude of the density cells depend on magnetic activity level, and altitude. The morphology of the density cells for equinox solar minimum conditions was presented by Crowley et al. (1996) and for solar maximum conditions by Schoendorf et al. (1996a) , using the TIGCM. The cells are also predicted by other global thermosphere models (e.g. Fuller-Rowell et al., 1999) . The preceding work focused on altitudes below about 250 km, and no effort has previously been made to observe the cells at altitudes above 400 km, where CHAMP makes its measurements. Figure 8 summarizes the results from the present TIMEGCM simulation for 21 February 2002. It shows four polar plots of the neutral density in a geographic latitudelocal time frame for the altitudes 450 and 200 km (rows) and for the Northern and the Southern Hemisphere (columns) at two different UT times. In the upper row we also plotted the trajectory of the CHAMP satellite. Recall that CHAMP passes from morning to evening over the Northern and from evening to morning over the Southern Hemisphere.
The density structures predicted at 200 km (lower panels) are typical of those discussed in earlier papers (e.g. Crowley et al., 1996) . For magnetically quiet and moderate conditions, the density minima produced by the model are generally well defined, and are almost circular in shape. There is also always only one minimum, with an average density decrease of about 14% of the average density poleward of 60 • /-60 • latitude. The width of this minimum is typically about 1500 km and it never appears equatorward of 60 • /-60 • latitude. In the Northern Hemisphere the minimum is confined to the sector 05:00 LT-10:00 LT during the whole day (travelling from 08:00 LT at 00:00 UT, to 05:00 LT at 08:00 UT, to 10:00 LT at 20:00 UT and back). In the Southern Hemisphere the minimum circles around the pole during the day (from about 09:00 LT at 00:00 UT, to 23:00 LT at 11:00 UT, to 06:00 LT at 21:00 UT), because of the large offset of the geographic and magnetic poles. These apparent motions of the cells in geographic coordinates were discussed by Crowley et al. (1996) . The model-produced density maxima around 200 km are not as well isolated as the minimum. They spread out more, forming either one elongated enhancement opposite to the minimum, or two separated maxima. The average enhancement in Fig. 8 is about 9%, implying that the amplitude of the maxima, at least for the relatively quiet period under consideration, is significantly smaller than the amplitude of the mimima. At some UT times (not shown) the model-deduced maxima extend equatorward of 60 • /-60 • latitude. In the Northern Hemisphere the maxima are confined to the sector 15:00 LT-02:00 LT, while in the Southern Hemisphere they circle the pole during the day, just as the minimum does.
The upper panels of Fig. 8 depict the model predictions for 450 km, near the height of the CHAMP satellite. Unfortunately (but interestingly), the thermosphere produced by the TIMEGCM at 450 km is completely devoid of any of the structures described for lower altitudes and those observed by CHAMP around 430 km. The same is true for the TIMEGCM at 400 km altitude (not shown here). This reduction in the amplitude of the modelled structures above 300 km was described by Schoendorf et al. (1996a) , and the CHAMP data represent the first opportunity to test the prediction. While the failure of the model to reproduce the observations is puzzling, we have nevertheless checked if the structures observed by CHAMP were in qualitative agreement with the lower altitude cells identified by TIMEGCM. Although a comparison of results from very different height levels is problematic, Schoendorf et al. (1996a) have predicted that above about 170 km, the MLT/latitude locations of the cells does not change significantly with altitude. We therefore compared the CHAMP results at 400 km altitude with the structures predicted by TIMEGCM for 200 and 300 km altitudes.
For a detailed comparison of the measured and the modelled densities we plotted the density along the CHAMP trajectory during six 1-h UT intervals (Fig. 9 ). We selected intervals during which CHAMP crossed the hemispheres close the north pole as well as close to the south pole (but the results discussed below apply to all 24 intervals). The upper panel indicates the geographic latitude of the orbit. The middle panel shows the measured densities (solid line) normalized to an altitude of 430 km together with the model densities at this height. The observed densities are greater than those obtained by the model by a factor of 2 on average, with sometimes considerably larger differences. This seems like an unexpectedly large discrepancy, but is not the focus of the work described here.
In the lower panel we plotted the model densities along the same path but at 200 km altitude (solid line) and 300 km altitude (dash-dotted line, multiplied by a factor of 10 to permit plotting on same scale as 200 km results). While there is no agreement between the model and data at 450 km, the following details emerge from the lower panels of the figure: some of the structures observed by CHAMP appear to have corresponding structures predicted by the model at 200 and 300 km. For example at UT=3. 85, 6.27, 17.08, 17.85 (with the 300-km density), 20.10, 20.95. However, sometimes the measured and the modelled structures are shifted by several 100 km (remember that the satellite travels with 7.6 km/s) e.g. at UT=3.1-3.2. Quite often they are almost anti correlated e.g. at UT=3. 96, 6.18, 6.98, 10.04, 10.90 13.12, 13.82 . In this respect it should be noted however, that also the modelled structures at 200 and 300 km are not always in phase, e.g. at UT= 4.0, 10.9, 13.1, 13.95, 17.8. Only two qualitative agreements remain: (1) the CHAMP satellite sees these density structures only at high latitudes, like the model predictions; (2) both the data and the model indicate that the density minimum is closer to the pole than the density maxima.
There are other noticeable differences of a different kind between the CHAMP data and the model predictions for 200 and 300 km. Most notable is the fact that the clustering of density maxima in the cusp region observed by CHAMP (see Fig. 7 ) cannot be found in the TIMEGCM simulation results. In addition, the measured structures are smaller in scale and often show multiple extrema whereas the modelled structures are wider and form generally only one maximum or minimum. The data from the S85-1 and SETA satellites showed similar effects (Crowley et al., 1996; Schoendorf et al., 1996a) . Another significant difference is the amplitude of the structures; the modelled densities exhibit relative changes of 9-14% at 200 km and about the same at 300 km, whereas the measured structure amplitudes even at 430 km are considerably larger, sometimes exceeding 50% (c.f. Sect. 2).
It remains the most obvious result of the comparison, that TIMEGCM does not produce structures above 350-400 km altitude where CHAMP observes them. This is difficult to explain, since according to the conservation of energy amplitudes of extrema should increase with altitude. The mechanisms producing the density cells are not fully understood (Schoendorf et al., 1996b) , but it is difficult to imagine that the mechanisms producing the density cells at 300 km are not present at 450 km. The discrepancy may be due to imperfect upper boundary conditions in the model. On the other hand it is clear that all diffusive scales become very large above 250 km, so that particle diffusion may wipe out density structures. Another explanation may be that the observed structures are caused by waves that are not properly included in the model. They may be the agent which counteracts the overwhelming influence of diffusion at high altitudes.
Regarding the much smaller scales of the structures which CHAMP observes, it is clear that the model cannot resolve them, since its resolution is limited to 5 • in latitude and longitude (about 500 km). The observed multiple structures may be waves, and in addition, the variable high latitude forcing encountered in the real atmosphere may set up variable responses, whereas the high latitude forcing in the model is relatively smooth.
Possible connection to Joule heating
Inasmuch as the density enhancements seen by CHAMP were due to a vertical motion of the atmosphere, one would be tempted to look for a heating rate that could be responsible for these enhancements. The most obvious heating sources for the high latitude thermosphere are: solar EUV radiation, particle precipitation, Joule heating, and, possibly, dissipation of atmospheric gravity waves (AGW) propagating from sources in the lower atmosphere. The first mechanism can be assumed to be well described by the TIMEGCM model, given the predictability of the process and the mature state of the model. The second process, particle precipitation, is less predictable and has taken a back seat to Joule heating in recent years, given that many studies have inferred that the Joule heating rate should dominate. The final mechanism, upward propagation of waves generated in the lower atmosphere, is the hardest to investigate: one has to decide where the waves are generated, and by what process. It is normally assumed that AGW's would have dissipated by the time they reach the upper thermosphere, owing to the large diffusion coefficients.
Nonetheless, having made a comparison with TIMEGCM, we are led to conclude from Sect. 3 that neither EUV radiation nor large scale global processes are responsible for the structures seen by CHAMP. However, the SIRCUS campaign was planned in such a way that it could provide some information about Joule heating. In particular, CHAMP itself is able to produce good estimates of Hall currents through its magnetometers, and the ground-based data from three EIS-CAT radars were available to provide estimates on conductance and electric fields. The radars also measured the ion temperature, which gives a handle on frictional heating rates and therefore on Joule heating rates in the area.
The (height-integrated) Pedersen current can be expressed in terms of conductance P , electric field E, and neutral wind V n as
or
since we are dealing only with the magnitudes in the following discussion. If we separate the current in an E-and an F-region part, the Joule heating is then
The Hall current measured onboard CHAMP is
We use only the E-region part here, since the Hall currents are dominated by contributions from this region. This means that the Hall conductivity is negligible in the F-region. Combining Eqs. (5) and (6) we have
Whereas the neutral wind in the E-region is usually quite small during quiet conditions, in the F-region the wind term may actually dominate over the electric field term. Unfortunately we have no information about the neutral wind during our measuring interval. We had all the data necessary to evaluate the Hall current and both E-and F-region conductances, and could check whether the Joule heating rate was large enough to matter. The derivation of the Hall currents from the CHAMP magnetic field measurements has been described in detail by Ritter et al. (2004) and verified with the help of the IMAGE ground-based magnetometer array. As a result we have accepted the derived currents as reliable estimates. Also note that the following comparison was only performed for the Northern Hemisphere due to the lack of ground-based data for the other hemisphere.
We first plotted, in Fig. 10 , |J H | in a magnetic latitudemagnetic local time frame averaged over all orbits of the seven days of our campaign. Two areas of maximal Hall currents can be seen: one in the morning sector around MLT≈08:00 at 69 • >MLAT>75 • and another in the evening around 21:30 MLT at 70 • <MLAT<74 • . It is unfortunate that the data don't cover a broader local time range, but these seem to be parts of the well-known areas of the westward and the eastward electrojet in the auroral zone. It should be noted, furthermore, that even the observed average peak current densities of ≈0.17 A/m are quite small. This is consistent with the quiet conditions during which the observations were taken. During magnetic storms J H can easily exceed several A/m (e.g. Ritter et al., 2004) . The fact that we have quiet conditions here can also be seen in the contracted auroral oval: during disturbed conditions the electrojet would be located much further equatorward. Figure 10 can be compared with Fig. 7 , which showed the CHAMP relative density enhancements in the same format. It is quite obvious that the MLAT-MLT range where the density maxima occur does not really agree with the MLAT-MLT range of the maximal Hall currents. Whereas the maximal currents correspond reasonably well to the enhanced densities between 08:00-09:00 MLT and to the weaker enhanced ones around 21:00-22:00 MLT, no current enhancements are found in the 10:00-11:00 MLT sector, where we see strongly elevated densities. From this result we may infer that these latter density enhancements are probably not caused by Joule heating due to the large-scale Pedersen currents flowing perpendicular to the magnetic field, at least not in the E-region. A connection to the strong and fast varying local field-aligned currents observed by CHAMP and other satellites in the cusp area or with F-region heating by fields and winds or by soft precipitation might be more appropriate.
Since we have conductivities from ground-based incoherent scatter measurements we have also attempted to make a more quantitative estimate of the Joule heating rate. With the EISCAT VHF radar (location 69.58 • geogr. lat., 19.21 • geogr. long.) we obtained electron density profiles on every day of our campaign (except 17 February) between about 90 km and 600 km altitude along the radar beam which was directed almost north (azimuth=-0.5 • ) at an elevation of 30 • . The density profile ranged thus between about 70 • and 75 • geographic latitude. The measurements were taken every day between 08:00 UT and 12:00 UT, i.e. around the time when the cusp was expected to be north of the radar. From these density profiles we derived the Hall and the Pedersen conductances with the standard procedure (e.g. Schlegel, 1988 Schlegel, , 1997 , using the MSIS neutral model (Hedin, 1991) for each day to compute the necessary ion-neutral collision frequencies. Since we used the electron as well as the neutral densities for the whole height range of 90-600 km we could estimate the conductance contributions from the E-, as well as from the F-region. The contribution of the Pedersen conductance in the F-region is important, because the soft particle precipitation present in the cusp region enhances particularly the F-region ionisation.
Strictly, the conductances so derived are only valid between about 71 • -72 • geographic latitude and at the geographic longitude of the radar beam around 19 • . Due to the quiet conditions however we assumed that these conductances did not vary strongly in latitude and longitude and took them for a latitude range of 70 • -75 • and a longitude range of 0 • -40 • (geographic). Within this area we had on each day at least one CHAMP pass (on 16 and 18 February two passes) during the time of the measurements i.e. between 08:00 and 11:00 UT. We therefore used the conductances derived during this interval together with the CHAMP Hall currents to derive the electric field magnitude and the Joule heating according to Eqs. (4-7). The results are presented in Fig. 11 , where the abscissa corresponds to the time interval during which CHAMP remained in the above stated latitude-longitude range for each day (travelling from south to north). The uppermost panel shows the magnitude of the Hall current as derived from the CHAMP magnetometer, the second panel the EISCATderived conductances, the third panel the electric field magnitude derived with Eq. (4), and the lowermost panel the Joule heating rate obtained with Eq. (7). A possible neutral wind was neglected, since we have no information about it as already mentioned. The conductances plotted here are the sum of the E-and the F-region contribution. The relative importance of the Pedersen conductivities E P / E+F P varied between 0.4 and 0.6 during the intervals shown in Fig. 11 , indicating the important contribution from the F-region, whereas the corresponding ratio for the Hall currents E H / E+F H remained always around 0.995.
The total remained between about 3 S and 6 S during all days, typical for quiet conditions.
Together with the measured Hall currents this yields electric fields less than 20 mV/m for most of the time, except on 20 February where we estimated one value that exceeded 30 mV/m. We conclude that the Joule heating rates stayed below 10 −3 W/m 2 , with the exception of the one value on 20 February. As explained above, additional contributions from the F-region winds can also be expected. Since we have no handle on the neutral winds with our data set, an upper limit estimation could nevertheless be obtained from the following considerations: for the term V F n ×B a neutral wind of the order of 300 m/s can add a contribution of 10-20 mV/m, if it flows in the proper direction. This means that we have to consider that the effective electric field may have been twice as large as the values shown in Fig. 11 . This could lead to Joule heating rates of up to a factor of 4 larger than those quoted above.
Our point is however, that even if we took such a neutral wind contribution into account, the Joule heating rates would remain 1-2 orders of magnitude smaller that those observed during geomagnetic disturbed conditions when Q can exceed 0.1 W/m 2 (Vickrey et al., 1982; Schlegel, 1997) .
In order to further check for possible Joule heating we also have examined the F-region ion temperatures. The temperatures were fairly constant during the observation time (08:00-12:00 UT) and did not show significant enhancements during the six intervals regarded in Fig. 11 with one exception: on 21 February T i increased from about 1450 K before to 1650 K (at 430 km altitude) within the interval in question. The implication would be that some Joule heating was not showing up in Fig. 11 . There was therefore perhaps a strong neutral wind contribution there.
It is absolutely not straight forward to infer possible upwelling of the atmosphere from these low heating rates. Fuller-Rowell et al. (1994) and Rishbeth et al. (1985) , for instance, reported model results of upwelling for storm conditions, but only for altitudes below about 300 km. The former quoted heating rates of up to 0.05 W/m 2 as a cause. Regarding this number it seems unlikely that the large density enhancements observed with CHAMP during the corresponding passes over the cusp area can be attributed to the low heating rates of Fig. 11 . It should be noted that we also made conductance estimates on two days (21 and 22 February) from measurements obtained with the EISCAT Svalbard radar using the 42-m dish (78.15 • geogr. lat., 16.05 • geogr. long., looking along the local field line with 81.6 • elevation), i.e. a few degrees north of the range covered with the VHF. These conductances were also around 5 S to 8 S, similar to the VHF-derived ones. Thus we do not expect very different heating rates at this latitude.
Summary and conclusions
Our observations (together with some earlier results based on low-resolution data) establish the existence of pronounced density structures in the high latitude thermosphere. In contrast, the model predicts a relatively smooth density variation at CHAMP altitudes, with none of the density structures predicted for lower altitudes. The CHAMP data provide the first opportunity for detailed testing of model density predictions for high altitudes (above 300 km). Furthermore, we find that the observed density structures near 430 km do not agree with the morphology of modelled thermospheric density cells predicted at lower altitudes, as outlined in Sect. 3. The latter have been predicted by models for the 140-350 km altitude region at high latitudes. Their existence at these altitudes was previously confirmed by satellite data for solar maximum and minimum conditions. The mechanisms driving the cell structures in the model are still not fully understood. Schoendorf et al. (1996b) explained their modelled density cells as a result of thermosphere-ionosphere coupling in terms of dynamic meteorology (their Fig. 10 ). Caspers and Prölss (1999) found moderately supporting evidence for the model results by comparing them to mass spectrometer data from the ESRO4 and DE2 satellites at heights around 200 km. These authors stress however, that they are all but convinced that the above concept of cells is correct. They offer an alternate explanation which is based on localized heat input.
Similar ideas have been proposed before by Taeusch and Hinton (1975, quiet conditions) , Taeusch (1977, disturbed conditions) . These authors examined N 2 density data obtained near 450 km in the polar region with a mass spectrometer onboard OGO6. They observed local density enhancements with a width of several 100 km and tried to relate them to polar energy deposition. They found that the density enhancements (30-50% with respect to a model) were strongly magnetically controlled in terms of magnetic local time and magnetic latitude. For quiet conditions the density enhancements were mainly observed between 00:00 and 03:00 MLT, i.e. in the westward electrojet, and between 09:00 and 15:00 MLT, i.e. in the cusp region. During disturbed conditions the MLT clustering was similar but the enhancements extended further south, down to 50 • MLAT. Those authors showed polar plots that were quite similar to our Fig. 7 (apart from the density minima). For the source of local energy input they suggested soft particle precipitation in the cusp area and particle precipitation together with Joule heating in the electrojet region. Similarly Moe et al. (1977) derived a broad density bulge above 400 km near the dayside cusp from pressure gage measurements onboard the SPADES satellite, and related it to particle precipitation in this region. It is interesting to note that none of the above authors ever mentioned density decreases like those we found in the CHAMP data.
Further studies are necessary to actually discriminate between the various possible processes: heating by Pedersen currents associated with the strong and fast varying field aligned currents ; heating by low-energy electron precipitation which is a salient feature of the cleft region; heating by proton precipitation (Frey et al., 2003) . The latter authors examined soft proton precipitation in the socalled dayside proton auroral spot, a remote signature of high latitude magnetopause reconnection. Its position is within the area where we found density enhancements. We are also unable to exclude atmospheric waves as a possible cause of the density enhancements and reductions.
Our study shows that density maxima and minima occurred every day during our campaign. It should be noted that apart from this very quiet period we also analysed one day with an average geomagnetic storm (not shown here). On this day too we observed the typical pattern of density maxima and minima as described here. From this limited experience it seems that this phenomenon is almost independent of geomagnetic activity. This would be consistent with a statistical study of CHAMP data taken for a whole year and which revealed only small changes in the appearance of polar density structures between quiet and moderate conditions (see Liu et al., 2005) .
At the beginning of the paper we mentioned the possibility that part of the density excursions may be explained by neutral winds. Nevertheless it is fairly obvious from the present analysis that unrealistic horizontal neutral wind speeds along the satellite path exceeding 2 km/s have to be assumed in order to explain the data in Fig. 3 , for example. Such wind speeds would only be expected during the most magnetically active conditions.
The main purpose of this study was to present the CHAMP observations and to identify the relevant patterns and characteristics of the density maxima/minima. More work remains to be done for a detailed explanation of the observed density structures and the mechanisms that drive them. We conclude that in spite of the fact that it has been somewhat neglected in recent experimental and modelling studies, on the basis that we "understand the thermosphere", the upper thermosphere still seems to hold surprises.
